We derive projected rotational velocities (v sin i) for a sample of 156 Galactic OB star members of 35 clusters, H ii regions, and associations. The He i lines at λλ4026, 4388, and 4471Å were analyzed in order to define a calibration of the synthetic He i full-widths at half maximum versus stellar v sin i. A grid of synthetic spectra of He i line profiles was calculated in non-LTE using an extensive helium model atom and updated atomic data. The v sin i's for all stars were derived using the He i FWHM calibrations but also, for those target stars with relatively sharp lines, v sin i values were obtained from best fit synthetic spectra of up to 40 lines of C ii, N ii, O ii, Al iii, Mg ii, Si iii, and S iii. This calibration is a useful and efficient tool for estimating the projected rotational velocities of O9-B5 main-sequence stars. The distribution of v sin i for an unbiased sample of early B stars in the unbound association Cep OB2 is consistent with the distribution reported elsewhere for other unbound associations.
Introduction
The distribution of projected rotational velocities (v sin i) of stars as a function of spectral type shows that the B-type stars have the largest average v sin i values among all main sequence stars. This observational result makes rotation especially important for early-type stars because it may affect the star's evolution and important stellar characteristics, such as the surface abundances. Moreover, there is growing evidence that the v sin i distribution of OB stars is somehow related to the physical characteristics of the region in which they formed. These two important issues were addressed recently by, for example, Huang & Gies (2006a,b) and Wolff et al. (2007) .
An approach that is frequently employed in order to obtain estimates of the projected rotational velocity consists of measuring the full-widths at half maximum (FWHM) of He i lines and adopting relationships between FWHM and v sin i established from observational data such as given by Slettebak et al. (1975) ; Slettebak (1982) and Howarth et al. (1997) . Alternatively, the projected rotational speed can be obtained from the comparison between observational and synthetic profiles of He and metallic lines.
The goals of this contribution are to derive v sin i's for a large sample of main sequence OB stars -most of them given for the first time in the literature -and to present a calibration for v sin i versus the synthetic full-widths at half maximum of He i lines at λλ4026, 4388, and 4471Å. In Section 2 we briefly describe our observational runs and data reduction procedures. Section 3 gives the v sin i determination from the spectral synthesis of metal lines, a method that we only employed for stars with sharp lines. Section 4 details and discusses our new FWHM versus v sin i calibration, while in Section 5 we present our v sin i determinations. Finally, in Section 6 we discuss our results, paying special attention to the case of Cep OB2 association and outline some conclusions.
Observations
The observational data for this study are high resolution spectra of late O and early B type stars that were obtained during several observing runs between the years 1994 and 2000. The sample comprises 156 targets belonging to 35 open clusters, H ii regions, and OB associations. Table 1 lists the observed stars and their cluster membership (Columns 1 and 2). The sample of OB stars studied here for rotation was observed with the main goal of analysing radial metallicity gradients of young stars in the Galactic disk (Daflon & Cunha 2004) .
The northern stars were observed with the McDonald Observatory telescopes (University of Texas, Austin). We obtained echelle spectra (R=60,000 and spectral coverage from ∼4200 to ∼4600Å) with the 2.1-m telescope and the Sandiford Cassegrain echelle spectrometer. Lower resolution spectra (R=12,000 centered at 4340Å) were obtained with the 2.7-m telescope and a coudé spectrometer. Details of the observations and data reduction can be found in papers by Daflon, Cunha & Becker (1999) and by Daflon et al. (2001a,b; .
High resolution spectra for the southern stars in our sample were obtained with the European Southern Observatory 1.52-m telescope at La Silla, Chile, coupled with FEROS (Fiber fed Extended Range Optical Spectrograph), covering 3900-9200Å and with a resolving power λ/∆λ=48,000. (See Daflon, Cunha & Butler 2004a ,b for more details). In Figure 1 we show sample FEROS spectra for the target star Sh2-47 3 in three spectral regions corresponding to the He i lines at λλ4026, 4388, and 4471Å.
V sin i Determination via Spectrum Synthesis of Metal Lines
Stars with sharp spectral lines are best suited for abundance analyses via either equivalent width measurements or spectrum synthesis. When line spectrum synthesis is adopted to derive the elemental abundances, the corresponding value of the stellar projected velocity is also obtained. A significant fraction of the targets studied here (69 stars) had low enough values of rotational projected velocities so that their abundances could be derived via spectrum synthesis of a number of spectral lines. The synthetic spectra were computed in non-LTE using the codes detail (Giddings 1981) and surface (Butler & Giddings 1985) plus lineblanketed LTE atlas9 model atmospheres (Kurucz 1993) . The model atoms adopted in the calculations were taken from Eber & Butler (1988 -C ii) , Becker & Butler (1989 -N ii) , Becker & Butler (1988 -O ii ) , Dufton et al. (1986 -Al iii) , Przybilla et al. (2001 - Mg ii), Becker & Butler (1990 -Si iii) , and Vrancken, Butler & Becker (1996 -S iii) . Stellar rotation is an important broadening mechanism that was included in the computations of the synthetic spectra for the sample stars. The computations also included limb darkening using a linear limb darkening coefficient (Wade & Rucinski 1985) , a Gaussian broadening function corresponding to the instrumental profile and the macroturbulent velocity. We note that in the calculations of the synthetic profiles of the target stars, which are on the main sequence, we set the macroturbulence value to zero. (Assuming a non-zero macroturbulence may be important when one is interested in fitting wings of very sharp line profiles.)
The stellar abundances and v sin i's were derived from comparisons between observed and model spectra. The best fit to the observed profile of each studied line was obtained from a χ 2 -minimization, which allowed for variation of the elemental abundance and v sin i value. In order to illustrate the procedure adopted in order to find the best fit synthetic spectrum for one studied oxygen line in one sample star we show, in Figure 2 , observed spectra and synthetic profiles of the O ii line at λ4943Å for Sh2-47 3. In the top left panel five syntheses are shown for different oxygen abundances and for one value of v sin i= 15.5 kms −1 (indicated from the χ 2 -minimization shown in the right bottom panel); the best fit oxygen abundance is obtained (represented by the synthetic profile with a solid line in the top left panel) and it was derived via χ 2 -minimization (top right panel). The bottom left panel illustrates the sensitivity of the profiles to the variation of the v sin i values ranging, in this example, between 5.5 and 25.5 kms −1 .
For each target star v sin i values were obtained from synthetic fits, as described above, of up to 40 spectral lines of C ii, N ii, O ii , Al iii, Mg ii, Si iii, and S iii. A list of the sample lines analyzed for each ion can be found in Daflon & Cunha (2004) and references therein. The v sin i corresponding to the weak metal lines (< V sin i M >; listed in column4 of Table 1) for each target is the average of all values obtained from the individual line syntheses, and the line-to-line scatter represents the v sin i uncertainties. The stellar abundance results have been published in Daflon, Cunha & Becker (1999) ; Daflon et al. (2001a,b; ; and Daflon, Cunha & Butler (2004a,b) . The overall analysis of the abundance distribution in the Galactic disk, and in particular a discussion of the metallicity gradients is presented in Daflon & Cunha (2004) . For most stars in our sample, the determination of v sin i from the spectrum synthesis of a large number of weak metal lines, as discussed above, was not performed because of their high rotation. A better alternative to obtain v sin i's for early-type stars with a large range of rotation is to rely on the strong He i lines, which are present in their spectra. In order to obtain the v sin i for all stars in our sample in a homogeneous way, we computed a grid of synthetic spectra of He i lines in non-LTE, which we describe below.
We constructed a grid of non-LTE synthetic He i profiles at λλ4026, 4388, and 4471Å based on model atmospheres with a range in effective temperatures and for a variety of projected rotational velocities. The He model atom adopted in the computations of synthetic spectra is fairly complete, and it is discussed in detail in Przybilla (2005;  refer to that paper for details of the atomic data): it includes all states up to the principal quantum number n=5 for He i and all the levels/transitions up to n=20 for He ii. Line broadening for the He lines was treated according to the theory of Shamey (1969) for the lines 4026 and 4388Å and Barnard, Cooper & Shamey (1969) for the line 4471Å. This model atom has been tested for helium formation in OB stars by Nieva & Przybilla (2007) , in a similar approach than ours and they found excellent fit quality of the He profiles over the parameter range of our sample.
The grid of He i synthetic profiles was calculated using Kurucz model atmospheres (Kurucz 1993) with solar composition and for effective temperatures bracketing spectral types roughly between B5 and O9, or T eff =15,000, 20,000, 25,000, and 30,000 K. The surface gravities adopted for all the models were log g = 4.0 (corresponding to non-evolved stars) and the microturbulent velocities ξ were kept constant at ξ=5 kms −1 , which is a typical value for the microturbulent velocity found in abundance studies of main-sequence OB stars (e.g. Dufton et al. 2006) . In Figure 3 we show, as an example, unbroadened synthetic profiles for the selected He i lines calculated using a model atmosphere with T eff =25,000 K. The He i synthetic profiles were then convolved for v sin i values ranging from zero to 400 kms −1 , in steps of 50 kms −1 and with instrumental profiles corresponding to a resolution R=50,000.
The FWHM of the convolved theoretical He i line profiles were measured using the iraf package splot. The continuum level was marked at the line center and the half-width of the red wing was measured at the half maximum. The obtained value was doubled in order to derive the full-width at the half maximum. This procedure was adopted because the blue wings of the He i lines are disturbed by secondary profiles such as λλ 4023.98 and 4026.2Å of He i (and 4025.61Å of He ii, which may have some effect in the hottest models only) and λλ 4387.00 and 4469.96Å of [He i] (see Figure 3 ). These weaker components are detached from the "main" He i profiles for stars with low v sin i but become blended as v sin i increases. All theoretical profiles were measured consistently. We note that for v sin i≤50 kms −1 , the FWHM measured by doubling the half-width is slightly larger than the full-width at half maximum measured directly, especially for the line 4471Å. This difference tends to zero for v sin i > 100 kms −1 .
The synthetic FWHM of the He i line profiles for the 4 grid effective temperatures are listed in Table 2 . In Figure 4 we show the variation of these theoretical FWHM as a function of v sin i; all calculations presented in this figure adopted R=50,000 as the broadening of the instrumental profile because this value corresponds roughly to the resolution of our data. We note that whilst the curves for T eff =20,000, 25,000, and 30,000 K (green, red and blue curves, respectively) run nearly paralell to each other, the black curve for T eff =15,000 K presents a different behaviour as this curve crosses the curves for the higher temperatures. This effect probably results from the fact that, for the three He i lines studied here, the line intensity as a function of spectral type reaches its maximum for B2V (Didelon 1982) , which corresponds to roughly an effective temperature of ∼20,000 K.
For the sake of completeness, we also calculated results for R=10,000. As expected, diagrams of v sin i versus FWHM calculated for an instrumental resolution of R=10,000 are very similar to the ones for R=50,000, with significant differences appearing only for v sin i≤50 kms −1 . For a higher v sin i, the rotational broadening becomes more important than the instrumental broadening and dominates the line profile. Thus, for moderate to high rotation, the v sin i values derived from the medium-and high-resolution calibrations are virtually the same. For example, considering T eff =25,000 K and a measured FWHM of 2Å for the line 4026Å, one would obtain v sin i of 17 and 31 kms −1 for R=10,000 and 50,000, respectively. For a measured FWHM∼3Å, the derived v sin i from both calibrations is ∼90 kms −1 .
It should be noted that our calculations ignore the flattening of the stellar photosphere and gravitational darkening, which is a flux reduction toward the equator due to the decrease of the local T eff from the pole to the equator. These mechanisms were carefully re-analysed recently by Townsend, Owocki, & Howarth (2004) and Frémat et al. (2005) , among others. For instance, Table 2 of the Townsend, Owocki, & Howarth (2004) paper shows that for i = 90
• and ve/vc = 0.95, where ve is the equatorial rotational velocity and vc is the velocity at which centrifugal forces balance Newtonian gravity at the equator, v sin i determinations that neglect these effects can be underestimated by 12 to 33% (depending on the spectral type) when the He i λ4471Å line is used. These effects rapidly become negligible as the rotational rate decreases, and only three of the stars in our sample have projected rotational velocities that exceed 300 kms −1 or equivalently about three-quarters of the critical velocity in the mass range surveyed here. Therefore, the effects of gravity darkening and flattening of the photosphere should be neglible for the vast majority of stars in our sample. While one should not employ our calibration for a sample of very rapidly rotating stars, such as Be-type stars, it can be safely used in a sample of OB stars like the one analyzed in this study.
One interesting application of the gravity darkening effect is the analysis of widhts of lines formed at different temperatures and thus in different latitudes over the stellar disk. As a result, the lines produced by ions with higher ionization potentials tend to form closer to the poles (Frémat et al. 2004) . In practice, the lines formed in different latitudes, implying in different inclination angles i, present different widths, for the same v sin i value. An example of such analysis can be found in Stoeckley & Buscombe (1987) , who compared He i λ4471Å to Mg ii λ4481Å and derived both v sin i and the inclination angle for a sample of 19 rapidly rotating B stars. The He lines selected for the present study, however, do not allow a similar analysis once they all present similar ionization potentials and thus probably formed over a narrow range of latitutes.
The values of v sin i achieved with our calibration, as well as a comparison among both metods and also with previous results from the literature (whenever possible) are in the next section.
v sin i Results
The FWHM of the three studied He i lines were measured in the same way as the theoretical He i profiles in all target star spectra. The stellar v sin i values obtained using the calibration discussed in this study are presented in Table 1 : we list the sample stars with their respective clusters or associations in the first two columns and their estimated effective temperatures in column 3 (from Daflon & Cunha 2004 and references therein). The v sin i's derived from the synthesis of metal lines are listed in column 4. Columns 5-10 give the FWHM's measured from the observed He i lines plus the respective v sin i derived using the He i calibration; and in column 11 we list the average v sin i for each star < V sin i He > with the dispersions, which were computed from the individual He i lines measurements.
A comparison of the v sin i's obtained with the two methods discussed in this paper (from synthesis of weak metal lines and using the calibration of synthetic FWHM of He i lines) is shown for the sharp lined star sample in the top panel of Figure 5 . The v sin i values are in excellent agreement with no systematic differences between the two sets of results: the mean difference between < v sin i M > and < v sin i He > is −0.4 ± 7.7 kms −1 . Considering each He i line separetely, the worst agreement with < v sin i M > is found for the He i line at 4026Å, which deviates from < V sin i M > by roughly +3 kms −1 . This result might perhaps suggest that is preferable to use only the He i lines at 4388Å and at 4471Å in v sin i estimates. Another recent study also evaluated the differences between v sin i's obtained from the metal lines and He i profiles. Simón-Díaz & Herrero (2007) used the Fourier method and FWHM of metal and helium lines in order to determine v sin i and found that the widths of He lines tend to produce higher v sin i values than the metal lines by a factor of 10-20%. Our methods for deriving v sin i, however, yield good agreement between the different indicators.
A comparison with other v sin i results from the literature is shown in the bottom panel of Figure 5 . The different studies from the literature use different methods to obtain v sin i and these probably have different levels of accuracy. The v sin i values from the Fourier method and FWHM by Simón-Díaz & Herrero (2007, yellow upsidedown triangles) are on average slightly higher than ours, with a mean difference of the order of 18 kms −1 . Gummersbach et al. (1998; green diamonds) did an abundance analysis for a sample of sharp lined stars and we have 3 stars in common with that study: the comparison with our results is good for two stars, but for BD−13
• 4921, we found < v sin i M >= 86 ± 7 kms −1 and < V sin i He >= 93 ± 5kms The uncertainties in the v sin i values derived from the He i lines can be estimated by considering the errors in the measurements of FWHM and from evaluating the effects of variations in the adopted effective temperature. In order to estimate the uncertainties in the v sin i's, we varied each parameter while keeping the other constant. For a given T eff =25,000K and a FWHM=6Å, the changes in v sin i resulting from variations of 10% in the measured full-width at half maximum are similar for the three studied He i lines: about 10-12%. Considering FWHM=4Å and changing T eff from 20,000 to 25,000K, we found that the obtained v sin i's are increased by 11%, 3% and 8%, for the 3 He i lines, respectively.
The helium profiles are sensitive to surface gravity, being broader for larger values of log g. Since our calibration was derived for a fixed log g=4.0, we studied the effects of different log g values for a given T eff =25,000K. We computed profiles for a complementary grid with log g=3.5 and 4.5 and measured their FWHM consistently. Considering a FWHM=∼3Å, the differences among v sin i values obtained from profiles with log g = 4.0 ± 0.3 dex are negligible and reach 10-15% for δ log g = 0.5 dex. This result suggests that our calibration can be safely used for main sequence stars with log g=3.7-4.3. We note, however, that for the sharpest He lines the effect of gravity on the determination of v sin i may be larger, especially for the line 4026Å: for this line, in the worst case, the derived v sin i's can differ ∼50% for δ log g = 0.5 dex. Thus, the use of our calibration results for stars with very sharp lines and gravities outside the range 3.7 < log g < 4.3 is not recomended.
Discussion

The Sample v sin i Distribution
The histogram with the v sin i distribution for the sample of OB stars studied in this paper (belonging to a variety of clusters and associations) is shown in the top panel of Figure 6 . The v sin i's shown in the histogram were all obtained from the He i lines. It is important to note, however, that the main purpose for the observed sample analyzed here was to construct an abundance database for the study of metallicity gradients in the Milky Way disk. In this context, Daflon & Cunha (2004) tried to maximize the number of targets with sharp lines, as much as possible, by conducting searches in v sin i catalogues for OB stars with low values of rotational projected velocities before the observing runs. Our observed sample is therefore not representative of a randomly selected sample of OB stars in clusters and associations and is biased by having a larger number of stars with small projected rotational velocities. Even so, the average v sin i for our whole sample of 101±76 kms −1 is only slightly lower (but still consistent within the standard deviations) than the mean v sin i obtained by Abt, Levato & Grosso (2002) for a sample of main sequence B0-B2 stars: 127±8 kms −1 . This agreement is probably the result of the fact that the the latter sample included mainly field stars and members of unbound associations, two groups that also contain large numbers of slowly rotating stars (Wolff et al. 2007 ).
The Cep OB2 Association
The Cep OB2 association merits a separate discussion in this study because the observations conducted for this association are fairly complete down to magnitude V=10 and are without any bias in the selection of targets. We observed 40 targets between spectral types O9-B3 representing all the main-sequence stars (within these spectral types) listed in Garmany & Stencel (1992) . Two stars have been discarded from our sample due to the very high T eff (>∼35,000K) obtained. The lines for two double-lined spectroscopic binaries (HD 208905 and HD 239738) could be resolved, resulting in v sin i determinations for the two components in each system, which were considered separately. Three B stars out of our original list are not included in Table 1 because a defect in the detector prevented measurement of He i 4471Å and the measurements of the He i 4388Å are rather uncertain, due to bad quality data. (The He line at 4026Å is not covered in the spectra of the northern sample). In order to have a complete sample for comparison with data in the literature on other clusters and associations we have estimated approximate v sin i values from He i 4388 A as follows: HD 204827, 102 kms −1 ; HD 206081, 245 kms −1 ; HD 239869, 229 kms −1 . Our final sample thus comprises 40 stars: 16 stars belong to the youngest cluster Trumpler 37, the nucleus of the OB association (with an age of 11 Myr, Dias et al. 2002) and 24 stars are from a larger area which includes the more sparse cluster NGC 7160 (with an age of 19 Myr, Dias et al. 2002) .
The histograms in the bottom panel of Figure 6 show the v sin i distributions of the stars in the Cep OB2 association (represented by the black histogram) and in Tr 37 (represented by the red histogram). The two distributions are not significantly different, especially given the small number of stars in each sample.
A recent paper has presented evidence that the v sin i distribution in clusters depends on the environment in which the stars formed, with the differences being much larger at low velocities. The sense of the difference is that a larger fraction of stars with low rotation are found in low density regions as compared with stars formed in high density regions (Wolff et al. 2007 ). The proportion of slow rotators among field stars is still higher.
If we assume that Cep OB2 occupies the region within l=96 -108
• and b=−1 -+12
• with a distance from the Sun of 615 pc (de Zeeuw et al. 1999) , the median radius of the association is 64 pc. The total mass of stars earlier than B3 is 4 × 10 3 M ⊙ (Simonson 1968 ) and the stellar density in Cep OB2 is thus 0.02 M ⊙ pc −3 . According to these parameters and following (Wolff et al. 2007 ), Cep OB2 can be classified as an unbound stellar ensemble, as already suggested by Kun (1986) . Figure 7 compares the cumulative distribution of v sin i for all of the stars in Cep OB2, Trumpler 37, and NGC 7160 combined with the distributions for stars in low density, unbound associations and high density, bound clusters taken from Wolff et al. (2007) . For this comparison, we have eliminated the five stars in Table 1 that are hotter than the temperature range included in the Wolff et al. survey. As the figure shows, the distribution for Cep OB2 is similar to that of the stars in low density regions. A K-S test indicates that the probability that the distributions for Cep OB2 and the open associations are drawn from the same parent sample is 0.60. For both groups, more than 20% of the stars have projected rotational velocities that are less than 50 kms −1 and about 50% have apparent rotational velocities less than 100 kms −1 . However, a K-S test shows that there is also a 9% probability that the distribution for Cep OB2 is drawn from the same parent sample as the bound clusters in Fig. 7 . Given the large intrinsic spread in the distribution of v sin i in any group of B stars, a sample even as large as we have observed in Cep OB2 is not enough to make a definitive test of a potential relationship between environment and rotation. (The probability that the distributions for the stars in low and high density regions shown in Fig. 7 are drawn from the same parent population is only 0.001. The difference between these two groups is more significant than the difference between Cep OB2 and the high density group because of the much larger sample size of the stars in low density regions-141 stars in low density regions and only 35 stars in Cep OB2.)
Summary and Conclusions
We present v sin i values for a sample of 156 main sequence OB stars in the Galactic disk. The v sin i's were derived from a calibration for the FWHM of theoretical profiles of He i lines at λλ4026, 4388, and 4471Å as a function of the stellar rotation. For a subsample of 69 sharp-lined stars, we also derived v sin i from non-LTE synthesis of metal lines. The v sin i values obtained from metal and helium lines show good agreement, and the values we derive are in good agreement with published rotational velocities. Thus, we conclude that our calibration is an useful and rapid tool for estimating the projected rotational velocities for O9 to B5 main-sequence stars that are rotating at v sin i up to about 300kms −1 . For most of the stars in this study, our distribution of v sin i is biased toward low v sin i and is not representative for main sequence B stars sampled randomly. This effect is related to the selection criteria originally imposed in order to study abundance gradients in the Galactic disk. The one exception is the association, Cep OB2, where all the main sequence stars earlier than B3 were observed. The distribution of v sin i for this unbound association is consistent with the distribution for stars in other unbound associations studied by Wolff et al. (2007) , thereby adding support for the hypothesis that the distribution of rotational velocities for early B stars depends on the environment in which they formed. (filled circles) with the distribution for 141 stars in low density regions (crosses) and 268 stars in high density regions (triangles). The distribution of v sin i for the stars in Cep OB2 is more similar to the distribution of stars formed in low density regions but the distinction is only marginally significant because of the relatively small number of stars in Cep OB2. • 3956 24840 
